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ABSTRACT 
High-voltage direct-current systems are subject to flashover failure modes across 
insulator surfaces.  Historically, sulfur hexafluoride (SF6) has been employed as an 
insulating gas for such systems due to its high dielectric strength; however, 
environmental concerns regarding its use motivate exploration of other insulating gases.  
This study measures the voltage at which flashover discharges occur in compressed air 
for a variety of dielectric materials and lengths in a uniform field for DC voltages up to 
100 kV.  Statistical time lag is recorded and characterized, displaying a roughly 
exponential dependence on breakdown voltage.  Of the materials tested, acrylic was 
observed to be the most resistant to flashover.  These data are intended to facilitate the 
design of compressed-air insulated high voltage systems as an alternative to SF6 insulated 
systems. 
   Index Terms — Flashover, HVDC Insulation
 
1 INTRODUCTION 
SURFACE flashover is a failure mode that occurs in high voltage 
equipment such as gas-insulated transmission lines and spark gap 
switching technology.  Past experimental studies of flashover 
discharges conducted in a wide range of settings [1, 2, 3, 4] have 
found that the initiation of surface flashover is dependent on a 
number of factors including electrode material and surface 
condition, spacer material and surface condition, fluid composition 
and pressure, waveform of the applied potential, and the geometry 
of the electrode/spacer setup. 
 Sulfur hexafluoride (SF6) is commonly used as an insulating gas 
due to its high dielectric strength.  However, SF6 is a potent 
greenhouse gas with an atmospheric warming potential roughly 
20,000 times that of CO2 and an average atmospheric lifetime of 
approximately 3200 years [5].  Regulations regarding the use of 
SF6 are becoming increasingly stringent [6], which incentivizes 
exploration of environmentally acceptable alternatives.  Previous 
work in this area [7] has surmised that compressed air is viable for 
electrical insulation; however, its use would require testing and 
design of new systems to replace present SF6 systems.  SF6 has 
been well-studied with respect to surface flashover [8, 9, 10, 11] 
and, while past research has covered flashover in air at pressures 
ranging from one atmosphere down to vacuum for insulated 
systems [12, 13], there exists a lack of published data on flashover  
 
 
 
 
characteristics of compressed-air insulated systems.  Furthermore, 
many DC flashover studies do not record the statistical time lag, 
the elapsed time prior to flashover after the application of sufficient 
voltage, which is crucial to the system design since the statistical 
time lag to flashover for a system should be orders of magnitude 
greater than the time-span for which the system will remain in a 
charged state.   
The experiments described in this paper investigate surface 
flashover between electrodes separated by an insulating spacer in 
air up to pressures of 490 kPa (71 psia) in a uniform field 
distribution standing off DC potentials up to 100 kV with varying 
spacer materials and lengths.  The statistical time lag (the time 
required for breakdown to occur at a given pressure and potential) 
is also recorded and analyzed.  The parameter regime investigated 
is applicable to conditions in spark gap switch technology and 
results contribute to the present efforts at Los Alamos National 
Laboratory to design a new pulsed power infrastructure employing 
compressed-air-insulated field-distortion switches. 
The remainder of this paper is organized as follows:  Section 2 
discusses basic theory and experimental results of previous work 
to provide context for the experimental design; Section 3 details 
the configuration of the experiment and the methodology used; 
Section 4 presents the results and discusses their implications; 
finally, Section 5 discusses conclusions and outstanding questions. Manuscript received on xx Month 20yy, in final form xx Month 20yy, 
accepted xx Month 20yy.  Corresponding author: C.S. Adams.  
 2 BACKGROUND 
Surface flashover refers to breakdown of a gas across the surface 
of an insulator under an applied electric field.  Gas-insulated high-
voltage systems require spacers to separate electrodes and these 
spacers introduce a surface over which flashover can occur.  The 
presence of a spacer tends to reduce the voltage at which 
breakdown will occur when compared to the theoretical 
breakdown voltage in the absence of a spacer.   
The theoretical breakdown voltage of a gas between two 
electrodes in the absence of a spacer can be determined using 
Paschen’s law, which relates the product of pressure and distance 
to the voltage at which the gas will ionize and conduct (assuming 
a uniform electric field distribution).  Paschen’s law predicts the 
breakdown voltage in a gas with a uniform electric field to be          
                                     𝑉𝑏 =
𝐵𝑝𝑑
ln(𝑝𝑑)+𝑘
,                                 (1) 
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         𝑘 = ln (
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1
𝛾
)
),                             (2) 
and where p is the pressure in kPa, d is the distance in cm, A is 
the gas saturation ionization constant in (kPa⋅cm), B is the gas 
ionization energy constant in V/(kPa⋅cm), and 𝛾 is the 
secondary emission coefficient of the electrode.  This paper 
compares experimental measurements of flashover to 
Paschen’s Law using the A and B coefficients obtained by 
Husain [14] for air where A = 112.5(kPa⋅cm)-1 and B = 2737.5 
(V/(kPa⋅cm)).  The secondary emission coefficient for copper 
in air (an approximation to brass) was obtained from Cobine 
[15] as 𝛾 ≈ 0.025.   
Surface charging of the spacer is thought to play a dominant role 
in flashover [2] which leads to an amplification of the electric field 
intensity in the gap, effectively decreasing the voltage at which 
flashover occurs.  Surface charging can be caused by electron 
impact and subsequent trapping along the spacer surface, provided 
there is a source of free electrons in the gas [16].  Free electron 
sources can include natural ionization due to background radiation, 
secondary emission from the electrode and dielectric surfaces [17], 
field emission from electrodes [18], and partial discharges in the 
gas [4, 19, 20].  However, only field emission and partial 
discharges are expected to play a dominant role at the pressures 
investigated here.  Although background radiation can provide 
seed electrons for partial discharges and secondary emission of the 
spacer, it is not the dominant source of free electrons.  Secondary 
emission of electrodes is accounted for by 𝛾 in the Paschen law and 
does not significantly affect breakdown voltage calculations at 
higher pressures.  Secondary emission from the spacer is not 
expected to be a dominant effect in the present study due to short 
mean-free-paths at higher pressures.  Field emission generally 
requires higher electric field intensities than would ideally exist in 
the present study but it has been shown that field enhancement near 
the triple-junction (the location of the electrode, insulator, and gas 
interface) can allow for intensities required to initiate field 
emission.  The enhancement can result from imperfect mating of 
electrode and insulator surfaces as well as microscopic electrode 
surface protrusions and such enhancement scales with spacer 
permittivity [16, 18, 21].  Partial discharges in the gas result from 
the initiation of a Townsend avalanche [15] that does not generate 
sufficient electron density to form and sustain an arc across the gap.  
It should be noted that surface perturbations of the spacer cause 
local field enhancement that scales with its permittivity and can 
encourage the formation of partial discharges.  Partial discharges 
that occur near the spacer surface can provide a significant source 
of free electrons for surface charging at higher pressures.  The most 
probable sources of free electrons for surface charging in the 
present study include field emission at the triple-junction and 
partial discharges along the spacer surface, both of which scale 
with material permittivity.  However, the relative timescales on 
which surface charging occurs for varying pressures, gas 
compositions, and dielectric materials are not yet well understood. 
The most directly comparable study to that described in this 
paper was performed by Pillai and Hackam [17], who conducted 
DC flashover studies in vacuum up to atmospheric air for a variety 
of spacer materials.  Although results at these low pressures are not 
directly applicable to the compressed-air designs currently being 
pursued, they can provide comparison of trends between the 
relative flashover voltages of different spacer materials. They 
found that the permittivity of the spacer material is an important 
factor influencing flashover voltage due to its effect on the degree 
of field enhancement at the triple-junction.  They also observed that 
flashover voltage of organic spacers scaled inversely with 
permittivity; however, the higher permittivity ceramic spacers had 
significantly higher flashover voltage when compared to organic 
spacers in vacuum conditions.  They surmised that the higher 
electron impact energy required to initiate secondary emission 
from the ceramic surface leads to lower overall rates of secondary 
electron emission in the gas, in turn yielding higher flashover 
voltages, and they proposed that this effect offsets the increased 
emission due to field enhancement caused by the higher 
permittivity of the ceramics at the triple-junction.  It is important to 
note that vulnerability to flashover associated with secondary 
emission may be mitigated in the present study due to much shorter 
mean-free-paths. However, higher permittivity may still lead to 
higher triple-junction field enhancement and more partial 
discharges, which will likely affect results at higher pressure. 
3 APPARATUS & METHODS 
All experiments discussed herein were conducted in a 
cylindrical pressure vessel composed of a 30 cm diameter 
transparent PVC tube and aluminum end plates containing ports 
for gas and high voltage cabling seen in Figure 1 on the left.  
Grooves in the end plates are lined with a foam EPDM gasket 
and are pressed over the ends of the PVC tube with eight 2.5 
cm (1”-8) threaded steel rods allowing for gauge pressures up 
to 414 kPa (60 psig), limited by the pressure rating of the PVC 
tube. 
Within this pressure vessel, a cylindrical spacer is placed 
between two electrodes, which are supported by another PVC 
tube, as seen in Figure 1 on the right. The electrodes are 1.27 
cm thick, 12.7 cm diameter brass discs with a small threaded 
hole in the center for connecting high voltage leads.  The edges 
are rounded to provide an evenly distributed electric field in the 
region between the electrodes.  In order to simulate practical 
laboratory conditions, the electrodes were prepared by sanding 
only up to 1500 grit sand paper, a surface roughness that can be 
expected in day-to-day operations. 
The electrodes are positioned 15 cm above the lower end plate 
by the inner PVC cylinder and the spacer is located at the center 
  
Figure 1. (Left:) pressure vessel used to contain the experiment;  (right:) the 
electrode-spacer setup as it would sit in the pressure vessel. 
 
of the electrodes.  High voltage cable connects the outer faces 
of the electrodes to high voltage and ground. Pressure is 
supplied via an NPT connection on the lower end plate and 
monitored using an analog gauge attached to the upper end plate 
with a measurement accuracy of +/- 3.5 kPa (0.5 psia).  
Compressed air passes through a 5 µm particulate and 
coalescing filter before entering the vessel. A high voltage 
power supply (Spellman SL120PN600) is connected to the two 
electrodes using high voltage cable (Dielectric Sciences 2125) 
yielding an upper voltage limit of 100 kV.  Cable glands on the 
aluminum end plates sealed with room-temperature-
vulcanizing (RTV) silicone provide both extra electrical 
insulation and sufficient pressure sealing.    
In this study, flashover voltage is measured in pressures ranging 
from 76 kPa (11 psia) to 490 kPa (71 psia).  These voltages are 
compared to the Paschen limit and statistical time lag is also 
measured. Spacer materials tested include G10 (𝜖𝑟 ≈ 4.7), 
Acrylic (𝜖𝑟 ≈ 3.0), Nylon (𝜖𝑟 ≈ 4.5), Borosilicate (𝜖𝑟 ≈ 4.5), 
and a 100% fill of 3-D printed Polyjet Resin (𝜖𝑟 ≈ 1.6).  All 
spacers were cylindrical with 2.5 cm (1”) diameter and lengths 
of 0.64 cm (0.25”), 1.27 cm (0.5”), and 1.92 cm (0.75”).  
Acrylic, Nylon, and G10 were cut from stock rod and sanded 
flat on the ends to an overall length tolerance of ±1.5 mm.  Both 
the borosilicate and 3-D printed spacers were fabricated with 
the same tolerance or better as the other organic spacers.  
A distinct difference was observed between breakdown 
voltages obtained in low energy flashover discharges compared 
to discharges supplied by a capacitive energy source.  
Specifically, insufficient energy supply for a discharge leads to 
higher breakdown voltages when compared to the same test 
with greater energy storage in parallel with the electrodes.  It is 
suspected that lower energies were not sufficient to sustain an 
arc, leading to partial discharges and requiring higher voltages 
to form and sustain an arc.  A 3 nF capacitor was connected in 
parallel with the discharge cell to provide sufficient energy 
storage to form an arc and to be more representative of 
conditions present in many high voltage designs.  A simplified 
circuit diagram of the setup in its operating mode is shown in 
Figure 2. 
 Setup consisted of placing a spacer between the two 
electrodes and setting the pressure to a chosen value.  Voltage 
was initially set to approximately 50% of the expected flashover
 
Figure 2. Simplified circuit schematic of the experiment.  
 
voltage for 35 seconds where the power supply required 
approximately 5 seconds to reach its targeted output voltage, 
yielding an effective voltage exposure time of 30 s.  After 35 
seconds the supply automatically switched off, dropping the 
inter-electrode voltage back to ground and the voltage set-point 
was increased by 2.5 kV.  This process was repeated until 
flashover was observed.  Note that this limits the voltage 
measurement error for all data to ± 1.25 kV.  When flashover 
occurred, a keystroke by the observer recorded the time to 
breakdown such that the error in the time measurement arises 
from human reaction time, estimated to be +0.2-1.0 seconds.  
For each spacer, pressure either was varied from the 
atmospheric value of 76 kPa (11 psia, standard day atmospheric 
pressure at Los Alamos altitude of 2200m) to the maximum 
pressure of 490 kPa (71 psia) or varied from the maximum 
pressure down to atmospheric.  This was done to ensure that the 
results obtained were consistent for a given pressure and not 
affected by any possible damage caused to the spacer by the 
successive flashover discharges. Five repetitions of flashover 
initiation were performed for each material, length, and 
pressure setting.   
4 RESULTS & DISCUSSION 
  The mean flashover voltage is plotted for various pressures, 
materials, and lengths in Figure 3.  The solid black line 
represents the calculated Paschen limit in the absence of a 
spacer as detailed in Section 2.  At each test condition shown in 
Figures 3 and 5, the standard deviations of the voltage 
measurements were less than 5kV and no discernible trends 
were identified.  For most spacer materials, the flashover 
potential increased with pressure but deviated substantially 
from the Paschen curve at larger distances and pressures.  The 
G10, nylon, and borosilicate have similar relative permittivity 
and all three materials exhibit similar flashover voltages except 
in the 1.27 cm (0.5”) length case.  These results contrast with 
those obtained by Pillai and Hackam [17] where inorganic 
spacers were found to have significantly higher flashover 
voltages compared to organic spacers due to the higher energy 
requirement for secondary emission from the spacer surface.  
This indicates that secondary emission from the spacer is not a 
dominant effect in pressurized systems.  However, in the 
present set of experiments the acrylic spacer with a permittivity 
 of 𝜖 ≈ 3.0 displayed the highest flashover voltage by far.  This 
demonstrates that either field emission at the triple-junction, 
partial discharge charge deposition, or a combination of the two 
is the primary source of surface charging at higher pressures, 
leading to further reduced flashover voltages. 
The 3-D printed resin exhibited the weakest overall flashover 
voltage.  This characteristic may be explained by the results of 
Manglesdorf [22], who has shown that material voids causing 
gradients in resistivity can cause charge concentration leading 
to field enhancement along the surface of the spacer.  Despite 
having the lowest permittivity of all the tested materials, the 
inhomogeneous structure of the 3-D printed spacer likely 
contributes to its lower flashover voltage. 
A notable exception to the general trends in Figure 3 is the 
tendency of the flashover voltage of G10 to decrease at 
pressures above 350-450 kPa.  As noted in the experimental 
procedure, tests were performed by starting at low pressure and 
increasing to maximum pressures, as well as the inverse.  
Therefore, damage to the spacer due to successive flashovers 
can be ruled out as a cause for the drop in flashover voltage.  
Such a decrease in breakdown voltage with increasing pressure 
has been shown to exist for non-uniform field distributions 
under AC conditions at critical pressures due to coronal stability 
theory [9].  However, these data indicate that this trend can also 
arise due to material effects. 
In general, the results in Figure 3 show a distinct change in 
slope (henceforth referred to as the “knee”) after which the 
breakdown voltage deviates substantially from the Paschen 
limit.  The fact that the knee occurs at different pressures for 
different materials indicates that it is caused by the spacer and 
is a material-dependent effect.  The knee is present in all curves 
for the 0.64 cm spacers except for nylon and is present for the 
acrylic curves for all spacer lengths.  Because the slope of the 
breakdown voltage curves for most materials are roughly 
similar beyond the knee, it likely that knees exist for other 
materials at pressures lesser than those investigated here.   
Figure 4 presents the electric field at which flashover occurred 
versus pressure for the acrylic spacers.  The knee occurs at 
lower pressures for larger distances, indicating the decrease in 
strength is not caused by an interface effect, such as triple-
junction field enhancement.  Further, the knee for the 0.64 cm 
lengths of G10 and borosilicate occur at 420 kPa and 280 kPa 
respectively, despite the materials having nearly the same 
permittivity.  This indicates that the pressure at which the knee 
occurs is not dependent on spacer permittivity, but is still 
material dependent so that a different material property must 
influence the pressure associated with the knee location.  The 
ability of the spacer’s surface to trap electrons, either due to 
surface finish or spacer chemistry, may be critical to 
understanding high-pressure flashover behavior. 
Most notably in Figure 4, the average flashover field intensity 
decreases for larger gap lengths.  As distances increase for a 
given electric field intensity and pressure, it is reasonable to 
postulate that more partial discharges will occur due to the 
increased surface area, leading to more surface charge 
deposition and diminished returns on flashover voltage for 
increased distances.  This effect may also be a determining 
factor in the knee location.  
The statistical time lag to breakdown for DC conditions must 
also be taken into consideration for design derating.  For each 
pressure and voltage setting in the experiment, the elapsed time 
prior to initiation of an arc after the application of voltage was 
recorded.  An example, presented in Figure 5, is the average 
time to breakdown versus voltage at each pressure setting for 
the 0.64 cm acrylic spacer.  Note that other materials exhibited 
similar statistical time lag trends.  These data indicate that the 
time to breakdown decreases rapidly (approximately 
exponentially) as gap voltage increases.  Note that these data 
were used to determine sufficient derating of flashover 
standoffs for designs that require 30 seconds or less at full 
charge, e.g. charging pulsed power systems; however, 
extrapolation of these data is not recommended.  For longer 
time-scale applications, testing of statistical time lag in the 
intended regimes should be conducted. 
Figure 3. Mean flashover voltage plotted against pressure for all tests performed with results for 0.64 cm, 1.27 cm, and 1.92 cm gap lengths plotted from left to 
right respectively.  Each data-point represents the averaged value of five discharges.  The Paschen limit is plotted as a solid black line for comparison.  The standard 
deviation of each set of voltage measurements is less than 5 kV. 
 
  
Figure 4. Breakdown field intensity vs. pressure for all acrylic spacers.  Each 
data point represents the average of five breakdowns.    
5 CONCLUSIONS 
Flashover voltages were measured in compressed air under 
applied uniform fields for pressures ranging from 76 kPa (11 
psia) to 490 kPa (71 psia) and voltages up to 100 kV.  Tested 
spacers included acrylic, borosilicate, G10, nylon, and 3-D 
printed resin at lengths of 0.64 cm (0.25”), 1.27 cm (0.5”), and 
1.92 cm (0.75”).  Of the materials tested, acrylic exhibited the 
highest flashover voltage while 3-D printed resin exhibited the 
lowest. A discontinuity in slope or “knee” was observed for 
acrylic, at which the gains in flashover voltage with pressure 
decreased, deviating from the Paschen limit.  These results 
suggest that the same knee exists at lower pressures for other 
materials since they do not exhibit slope agreement with the 
Paschen limit at the pressures investigated here.  These results 
also show that the knee is due to the presence of the spacer and 
is a material dependent effect.  The pressure at which the knee 
occurs appears to be independent of triple-junction effects as 
well as material permittivity, indicating that its location 
depends predominantly on surface properties such as surface 
finish or spacer chemistry.  The electric field intensity required 
to initiate flashover was also observed to decrease with 
increasing spacer lengths.  It is hypothesized that large surface 
areas allow for increased surface charging due to partial 
discharges, thereby decreasing the field strength required for 
flashover.  Data regarding statistical time lag were gathered to 
inform derating of spacer lengths 
The data obtained in this experiment informs the design of 
compressed-air insulated, flashover-resistant interfaces, which 
will facilitate the transition from currently-existing SF6 
insulated designs.  This information has been applied 
successfully in designing compressed-air insulated, flashover 
resistant pulsed-power devices at Los Alamos National 
Laboratory.  However, outstanding questions remain regarding 
the time-scales on which surface charging occurs and how it 
relates to statistical time lag, what material property is dominant 
in determining the “knee” location, and whether surface charge 
deposition due to partial discharges is responsible for reduced 
flashover voltages at larger distances.  Further, G10’s tendency 
to exhibit lower flashover voltages at higher pressures should 
 
Figure 5. The mean time to breakdown after application of voltage plotted 
against the voltage at which breakdown occurred for the 0.64 cm length acrylic 
spacer.  The standard deviation of each set of voltage measurements is less than 
5 kV. 
 
also be investigated.  Finally, statistical time lag properties of 
acrylic at longer time-scales should be investigated to inform 
design of flashover resistant interfaces for extended time 
periods.  
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